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Abstract 
 In this paper, we have modeled a low noise amplifier LNA for 4G applications and study the key properties                   
of EPHEMT LNAs in terms of high gain, low noise figure, good input and output matching and unconditional                  
stability at the lowest possible current draw from the amplifier in the front-end design. A well-designed LNA is                  
simulated using Advanced Design System.The design uses microstrip lines in the matching networks, inductors and               
capacities for DC Biasing. The simulation results of a two-stage low noise amplifier show at 2.6 GHz a gain of                    
44.701 dB, noise figure of 0.576 dB ,while the reflection loss S12 is -65.02 dB .The input return loss S11 is -34.125                      
dB and the output return loss S22 is -9.996 dB with biasing voltage at 5 V. 
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1. Introduction 
In the 21stcentury, the domain of wireless communications has undergone an unprecedented            
evolution, moving rapidly through a series of generations. Developments in the wireless industry, internet              
access without borders and increasing demand for high data rate wireless digital communication moving              
us toward the optimal development of communication technology. Wireless communication is a            
technology that plays an important role in the development of the current transformation. Ever increasing               
number of subscribers combined with increasing demand for high data rate applications like wireless              
video has resulted in various different standards spanned over closely spaced frequencies. In fact,              
next-generation communication receivers need to provide improved sensitivity and dynamic range over            
wide bandwidths.Irrespective of the receiver architecture, the low-noise amplifier (LNA) constitutes one            
of the essential components [1].  
Nowadays, This indispensable element is the key component in any front-end receiver system .               
As the progress of front-end receiver, the data rate has been speed up in several high frequency                 
applications such as wireless communication, satellite communication, radar systems and smart antennas.            
These systems require low noise performance to deliver high-speed data. An LNA design presents a               
considerable challenge because of its simultaneous requirement for high gain, low noise figure, good              
input and output matching and unconditional stability at the lowest possible current draw from the               
amplifier.Although Gain, Noise Figure, Stability, Linearity and input and output match are all equally              
important, they are interdependent and do not always work in each other's favor. The current work leads                 
us to probe the dependency of the above factors like gain, noise figure, maximum gain and bandwidth by                  
modeling a low noise amplifier based on HEMT transistors for 4G radio-base station receivers [2]. 
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2. General Theory of LNA 
Signal amplification is one of the most basic and prevalent circuit functions in modern Radio               
Frequency RF and microwave systems. Usually the first active signal-processing block after the antenna              
is Low noise amplifier. The block diagram of a typical receiver is presented in Fig 1. As shown in the                    
figure, the LNA is preceded by a band-pass filter, which filters the out of band signals while allowing the                   
in-band signals to pass through. Hence the LNA forms the first block that amplifies the desired band of                  
signals without adding significant noise to the signal [3]. 
 
 
 
Figure 1. Block diagram of a typical receiver 
 
The LNA function, play an important role in the receiver designs. Its main function is to amplify                 
extremely low signal without adding noise, thus preserving the required Signal-to-Noise Ratio (SNR) of              
the system at extremely low power levels. Additionally, for large signal levels, the LNA amplifies the                
received signal without introducing any distortions, which eliminates channel interference [4]. 
 
2.1 General Design Procedure for an Amplifier 
The function of the LNA is to take the extremely weak and uncertain signal from the antenna,                 
usually on the order of microvolts or under –100 dBm (note that in a 50 Ω system, 10 μV is -87 dBm and                       
100 μV equals -67 dBm), and amplify it to a more useful level, to about one-half to one volt. For LNAs,                     
the primary parameters are noise figure (NF), gain, and linearity. Noise is due to thermal and other                 
sources, with typical noise figures in the 0.5 to 1.5 dB range. Typical gain is between 10 and 20 dB for a                      
single-stage; some designs use cascaded amplifiers with a low-gain, low-NF stage followed by a              
higher-gain stage, which may have higher NF, but this is less critical once the initial signal has been                  
gained up. The LNA have mainly three sections to be designed in complete circuit namely the Input                 
matching network, Main transistor section and the Output-matching network as mentioned in (Figure 2)              
[5]. 
 
 
 
Figure 2.The analytical form of the low-noise amplifier 
 
Impedance matching is necessary in each LNA circuit because maximum power is delivered             
when the load is matched to the line and power loss in the feed line is minimized. Otherwise, impedance                   
matching sensitive receiver components may improve the signal-to-noise ratio of the system. The input              
matching network is used to make the input return loss (S11) minimized without introducing additional               
noise. The input matching circuit that terminates the transistor to gamma optimum (Γout) which              
represents the impedance at the input of the transistor for the optimum noise matches [6]. 
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2.2 Selection of Active device 
The general structure of LNA includes an active device characterized by its S-parameters. The              
selection of the transistor is based on the type of the semiconductor that composes it. One of the most                   
important developments in microwave technology has been the HEMT as this device permitted the first               
practical solid-state implementation of amplifiers, oscillators, and mixers at microwave frequencies,           
leading to key applications in radar, GPS, remote sensing, and wireless communications. HEMTs can be               
used at frequencies well into the millimeter wave range, with high gain and low noise figure, often                 
making them the device of choice for hybrid and monolithic integrated circuits. The heterojunction field               
effect transistor (HEMT: High Electron Mobility Transistor) is a component which operates near the              
MESFET [7].  
The difference is that the HEMT uses a heterojunction, that is to say a junction between                
materials having different energy bands, so as to move the electrons constituting the drain-source current               
in a non-doped semiconductor, to reduce the transit time and thus increase the performance in frequency.                
The speed of electrons is in fact even greater than the doping of the semiconductor is small because the                   
dispersion of ionized impurities is reduced. LNAs for high frequency applications have been based on               
pseudomorphic HEMT (pHEMT) technologies for some time. These transistors avoid deep-level traps            
–discontinuities in the semiconductor crystal lattice by having an extremely thin layer. This technique              
allows the construction of transistors with larger bandgap differences than otherwise possible, giving             
them better performance [8].  
The newer enhancement-mode pHEMT (E-pHEMT) technologies have been used primarily for           
power amplifier applications. E-pHEMT is a semiconductor process optimized for wireless applications            
that operates from a single positive voltage source. Therewith, the selected device must exhibit high gain,                
low noise figure, and offer high IP3 performance at the low current consumption, while providing easy                
matching at frequency of operation. Based on the primary objective of achieving sub-1dB noise figure,               
The TQL9092 is a flat-gain, high-linearity, ultra-low noise amplifier. It is internally matched using a high                
performance E-pHEMT process and only requires five external components for operation from a single              
positive supply: an external RF choke and blocking/bypass capacitors and a bias resistor going to pin 1.                 
This device integrates a shutdown biasing capability to allow for operation in TDD applications [9]. 
 
2.3 Stability condition 
Unconditional stability means that with an arbitrary, passive load connected to the output of the               
device, the circuit will not become unstable, i.e. will not oscillate. Instabilities are primarily caused by                
three phenomena: internal feedback of the transistor, external feedback around the transistor caused by              
external circuits, or excess gain at frequencies outside of the band of operation. The main way of                 
determining the stability of a device is to calculate the so-called Rollett’s stability factor (K) [10].  
The K factor, very widely used by designers to determine the stability of a linear quadrupole, is                 
based on the determination of stability conditions according to the closing impedances presented in the               
access of the studied system. A linear quadrupole, defined by its S distribution matrix is unconditionally                
stable if for any load impedance at positive real part placed at the input Z​s or at output Z​L , the module of                       
the reflection coefficients at the input Ґin  and at the output Ґout is less than 1. 
With:  
 
Ґin = S11 +
S S Ґ12 21 L
1− S Ґ22 L
and         Ґout = S22 +
S S Ґ12 21 S
1− S Ґ11 S
          (1) 
 
This quadrupole is conditionally stable if one of two conditions is not verified for certain charges                
Z_s or Z_L , for some pulsations w. Starting from relationsҐ_in<1 and Ґ_out<1 ,we obtain the stability                 
criterion currently used [11]. 
 
K = 2 S S| 12 21|
1− S − S +△| 11|
2 | 22|
2
| |2 > 1         ​(2) 
And  
 
△| | = S S S|| 11 22 − S12 21
|
| < 1         ​(3) 
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Along with the auxiliary condition that are simultaneously satisfied. These two conditions are             
necessary and sufficient for unconditional stability, and are easily evaluated. It should however be noted               
that the consideration of K factor does not allow to measure quantitatively the stability margin or degree                 
of electrical instability of the studied device. We are studying a criterion based on the same considerations                 
as the previous but more quantitative This is the criterion μintroduced by M.L. Edwards and J.H. Sinsky.                 
This criterion allows to achieve the same conclusion with the criteria K>1 and | △| <1 when μ> 1 [12]. 
 
With: μ = 1− S| 11|
2
S −△S + S S| 22 11*| | 12 21|
> 1          ​(4) 
 
 
In fact, μis the minimum distance on the Smith chart between the origin (50 Ω) and the                 
impedance of the closure nearest to the origin to cause instability. 
If μ> 1: any point within the chart does not cause instability, so no passive load of circuit can cause                    
instability. 
If 0 <μ<1, in proportion as μdecreases, the number of stable closures on Smith chart is reduced. 
If μ<0: the closure of 50 Ωcauses instability, but we can find some impedances inside the unit circle                  
which don’t cause instability.So, to know exactly the charges leading to instability, in the case where μ<1,                 
we must draw circles of stability. 
 
2.4 Noise matching and Input Return Loss (IRL) 
A noisy microwave component can be characterized by an equivalent noise temperature. An             
alternative characterization is the noise figure of the component,which is a measure of the degradation in                
the signal-to-noise ratio between the input and output of the component. The signal-to-noise ratio is the                
ratio of desired signal power to undesired noise power, and so is dependent on the signal power. When                  
noise and a desired signal are applied to the input of a noiseless network, both noise and signal will be                    
attenuated or amplified by the same factor, so that the signal-to-noise ratio will be unchanged [13]. 
However, if the network is noisy, the output noise power will be increased more than the output                 
signal power, so that the output signal-to-noise ratio will be reduced. The noise figure, F, is a measure of                   
this reduction in signal-to-noise ratio, and is defined as 
 
        F =  SNRinSNRout =  Ns
P s
Ne
P e
           ​(5) 
 
 
Then if we consider that the available gain   :Gdisp  
 
Gdisp =  P edisp
P sdisp                         (6) 
 
F can be expressed:  F =
N sdisp
G .  Ndisp edisp
         ​(7) 
 
Consider the noisy quadrupole in “Fig.3” attacked by a generator of noise voltage and the impedance             eG    
Z​G ​such as: 
 
e 〉 4.K.T .∆f .Re [Z ]  〈 G2 =  0 G          (8) 
 
 
 = + j            ZG RG XG           (9)  
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 Figure 3. Noisy quadrupole obedient to a noise voltage generator 
 
If the sources of noise of the quadrupole reduced at the input having the same origin, they are                  
correlated. The correlation impedance can be defined as: 
  
 =  + j                                  ZC  RC  XC          ​(10) 
 
 
Then, the correlation of the noise sources gives: 
 
        =  – . eN  eN nc  ZC i   N       (11) 
 
 
With  the non-correlated part of noise voltage generator. By developing, we obtain:eN nc  
 
                                                  (12). . .F = 1 + rNRG
T
T 0
+ RG
gN T
T 0
Z Z|| G +  c
|
|
2
 
 
 
● r_N: the equivalent resistance of noise of the quadrupole. 
● g_N: the equivalent conductance of noise of the quadrupole. 
 
Otherwise,IRL defines how well the circuit is matched to 50 Ω matching of the source. A typical                 
approach in LNA design is to develop an input matching circuit that terminates the transistor with                
conjugate of Gamma optimum (Γopt), which represents the terminating impedance of the transistor for              
the best noise match. In many cases, this means that the input return loss of the LNA will be sacrificed.                    
The optimal IRL can be achieved only when the input-matching network terminates the device with a                
conjugate of S_11, which in many cases is different from the conjugate of Γopt [14]. 
 
2.5 Matching network 
The need for matching network arises because amplifiers, in order to deliver maximum power to               
a load, or to perform in a certain desired way, must be properly terminated at both the input and output                    
ports. The matching network is ideally lossless to avoid unnecessary loss power and is usually designed                
so that looking into the matching network is Z0. The ports of the LNA should present impedances                 
matched to desired values. Generally, the standard 50 Ω impedance has been adopted because it lies                
between 77 Ω for minimum cable losses and 30 Ω for maximum power handling capability of the                 
transmission line [15]. 
Different matching considerations exist for the input and output. Input matching is always             
required, while output adaptation is necessary when the LNA drives an external image-reject filter. In               
integrated receivers where the image filter is driven by the antenna, the LNA can be directly connected to                  
the mixer and no output matching is required. Generally, input impedance matching determines the noise               
figure of the LNA. The output match effects linearity if a low output load (i.e., 50 Ω) must be driven, as is                      
almost always the case [16]. 
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Several types of matching network are available, however factors likes complexity, bandwidth,            
implementation and adjustability need to be considered in the matching network selection. It is impossible               
to design a LNA, which provides peak performance for all the cardinal parameters. Tradeoffs have to be                 
made depending on the standard for which the LNA is destined. Generally, it is not possible to obtain                  
both minimum noise figure and maximum gain for an amplifier, so some sort of compromise must be                 
made. This can be done by using constant-gain circles and circles of constant noise figure to select a                  
usable trade-off between noise figure and gain [17]. 
The design procedure is facilitated by plotting constant-gain circles on the Smith chart to              
represent loci of Ґ​S andҐ​L that give fixed values of gain G​s and G​l as the effective gain factors for the                     
input (source) matching network, and the output (load). 
The expression for  ​and   ​and​  ​are given by​: Gs  Gl   G0  
 
            Gs =
1− Ґ| s|2
1−Ґ Ґ| in s|
2         (13.a) 
 
          Gl =
1− Ґ| l|
2
1−S Ґ| 22 l|2
        (13.b) 
 
The overall transducer gain is then G​T =G​S​G​0​G​L​. The effective gains G​S and G​L of the matching networks                  
may be greater than unity. This is because the unmatched transistor would incur power loss due to                 
reflections at the input and output of the transistor, and the matching sections can reduce these losses. 
If the transistor is unilateral, so that S​12​=0 ,then the expression of (13.a) will be: 
 
 
Gs =
1− Ґ| s|2
1−S Ґ| 11 s|
2  (14) 
 
These gains are maximized when   ​and  .Define normalized gain factors ​g​S ​and ​g​L ​as:ҐS = S*11 Ґl = S*22  
 
 
        ( 1 )gs =  
Gs
Gsmax =  
1− Ґ| S |
2
1−S Ґ| 11 S |
2 − S|| 11
|
|
2 
   (15.a) 
 
 
        ( 1 )gl =  
Gl
Glmax
=  1− Ґ| l|
2
1−S Ґ| 22 l|
2 − S|| 22
|
|
2 
  (15.b) 
 
Then we have that 0 ​≤ ​g​S ​≤ ​1 and 0 ​≤ ​g​L ​≤ ​1. 
The resolving of the equations, which is the equation of a circle with its center and radius, are given by: 
 
Cs =  
g  Ss *11
1−(1−g ) Ss | 11|
2  (16.a) 
 
Rs =  1−(1−g ) Ss | 11|
2 
   ( 1− S )√1−gs | 11|
2 
 (16.b) 
 
 
The results for the constant gain circles of the output section can be shown to be: 
 
C l =  
g  Sl *22
1−(1−g ) Sl | 22|
2  (17.a) 
 
Rl =  1−(1−g ) Sl | 22|2 
   ( 1− S )√1−gl | 22|
2 
 (17.b) 
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In the other hand, to derive the equations for constant–noise figure circles first define the noise figure                 
parameter, N, as: 
 
N =
1− Ґ| s|2
Ґ −Ґ| s opt|2   (18) 
 
the center of the constant noise figure circle is : 
 
CF =
Ґopt
N+1   (20) 
And the radii: 
 
              Rs =  N+1
 √N (N+1− Ґ| opt|2    (21) 
 
 
Here we will derive circles of constant noise figure to select a usable trade-off between noise                
figure and gain.These calculations were carried out using MATLAB Smith chart Toolbox. The             
performance of the final design was calculated and the matching networks can be designed using the                
micro strip lines and shunt stubs.Because, as we know, the micro strip lines have become the best known                  
and most widely used planar transmission line for RF and microwave circuits. This popularity and               
widespread use are due to its planar nature, ease of fabrication using various processes, easy integration                
with solid-state devices, good heat sinking, and good mechanical support. The electrical lengths of the               
required open shunt and series micro strip lines were calculated by hand in smith chart [18].  
 
3. Circuit Design of The LNA  
For modeling the low noise amplifier we have used the software simulation ADS (Agilent              
Device System) developed by Agilent®, this software is considered among the most powerful software at               
the level of design and simulation of electronic systems for microwave and radio frequencies [19].  
The structure of LNA modeled in (Figure 4) is composed of a bias stage, a stage of amplification                  
and adaptation circuits in the form of band pass filters for the input and output 
 
 
 
Figure 4.Schematic diagram of LN 
 
The DC biasing network must supply a constant DC gate voltage, drain voltage and drain current                
to the transistor while keeping the RF signals from corrupting the supply. S-parameter data for two unique                 
biasing conditions were supplied by the manufacturer in the datasheet of the provided E-PHEMT device.               
The quiescent point of VDS = 5 v and IDS = 65 mA was selected for its lower minimum noise figure. The                      
gate voltage is selected to set the drain current to 65 mA while the drain voltage is set directly to 5 v [20].  
 
The values of the RF choke inductors need to be large enough to ensure good isolation of the DC                   
bias source from the RF input and output. The DC decoupling capacitors on the supply lines also need to                   
be large enough to filter out noise and any remaining RF on the supplies. The optimization of the design                   
 Design of a Low Noise Amplifier Based on E-PHEMT Transistors for 4G ...(Houda Laaouane) 
 
APTIKOM J. CSIT ISSN: 2528-2417 ■ 48 
was done using ADS test bench and the optimization cockpit to adjust the length of the micro-strip                 
lines.The matching impedance is chosen to be 50 ohm which is common in LNA design. In order to                  
improve the performance of our amplifier,we modeled an LNA with two transistors following the same               
procedure (figure 5) [21]. 
 
 
 
Figure 5. General structure of the two-stage amplifier 
 
4. Result and Discussions 
The circuit designs are simulated in ADS. The major LNA parameters like gain, noise figure,               
S-parameters and stability are calculated with respect to frequency range from 1.6 GHz to 3.6 GHz. 
 
4.1 Single stage Low Noise Amplifier 
The simulation recorded that the power gains S21 is 22.350 dB and the reflection loss S12 is                 
-32.510 dB (Figure 6.a) .The input return loss S11 is -10.750 dB and the output return loss S22 is -22.110                    
dB (Figure 6.b). These values were within the design specification [22]. 
 
 
 
Figure 6a. Transmission coefficients of single stage LNA 
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Figure 6b.Reflection coefficients of single stage LNA 
 
As far as the stability of the amplifier is concerned, it is unconditionally stable considering that                
its coefficient of stability is strictly greater than 1 through out the band of interest (Figure 7.a). 
The Noise Figure of the completed amplifier is equal to the noise figure of the device plus the losses of                    
the matching network preceding the device. Therefore, as mentioned below the noise figure has a value as                 
0.567dB (Fig.7.b).Hence, the amplifier provides lowest possible noise figure [23]. 
 
 
 
Figure 7a. Stability of the LNA 
 
 
 
Figure 7b.Noise figure of the LNA 
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4.2 Two-Stage Low Noise Amplifier 
The major LNA parameters like gain, S-parameters,stability and noise figure are calculated with             
respect to frequency range from 1.6 GHz to 3.6 GHz. The cascade amplifier produces gain value 44.701                 
dB The S-parameters of the amplifier are shown in “Fig.8”.The reflection loss S12 is -65.02 dB (Figure                 
8.a) .The input return loss S11 is -34.125 dB and the output return loss S22 is -9.996 dB (Figure 8.b) at                     
2.6 GHz. 
 
 
 
Figure 8a.Transmission coefficients of two-stage LNA 
 
 
 
Figure 8b.Rflection coefficients of two-stage LNA 
 
Considering the stability, the LNA is always unconditionally stable considering that its            
coefficient of stability is strictly greater than 1(Figure 9.a). The noise of the LNA is less than 0.59 dB.                   
The minimum noise figure NFmin is equal to 0.576 dB. 
 
 
 
Figure 9a. Stability of the LNA 
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Figure 9b. Noise figure of the LNA 
 
Table 1. Comparison Table of Previously Reported LNAS and this work 
 
 
 
5. Conclusion 
In this paper low noise amplifier based on E-PHEMT transistors was modeled. The device with               
good dc, low noise performance and high uniformity has the minimum noise figure, which can be as low                  
as 0.576 dB with an associated gain of 44.701 dB. Compared with other design techniques, the obtained                 
results demonstrate the excellent capacity of E-PHEMT transistors and selected adaptation circuits. This             
amplifier has many applications on general purpose wireless such as ​balanced amplifiers, base station              
receivers and more specifically it can be required for 4G base station. 
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